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Abstract. Recent developments and ongoing research in the ﬁeld of steel ﬁbre
reinforced concrete (SFRC) have led to its implementation into national and
international design codes and guidelines. Since ﬁbres are promising as an
alternative for (minimum) shear reinforcement, special attention is given towards
new shear design provisions for FRC elements. Although these design models are
available and validated with respect to research results, the application ofﬁbres as
shear reinforcement for both reinforced and prestressed concrete beams is rather
limited in daily practice, due to lack of experience in the engineering community
with respect to these design guidelines, as well as limited insight in their accuracy.
In perspective to a PhD study of the second author, the most important shear
design models available for SFRC (RILEM, Model Code, Plasticity Model) are
veriﬁed in terms of accuracy of the models against a shear test database con-
taining 99 SFRC elements (69 reinforced concrete and 30 prestressed concrete).
Based on the obtained insights, a simpliﬁed engineering model is proposed for
further evaluation by the research community. This model, which predicts the
shear capacity of SFRC beams without stirrups, can be regarded as a closed
form version of the modiﬁed compression ﬁeld theory (MCFT) approach pre-
sented in ﬁb Model Code 2010.
Keywords: Steel ﬁbre reinforced concrete (SFRC)  Shear  Modiﬁed
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1 Introduction
To improve the economics of casting of concrete elements further, solutions are sought
to reduce both material and labour costs within the manufacturing process. Since the
placing of traditional stirrups are labour-intensive, several alternatives to omit (partially
or completely) traditional stirrups as shear reinforcement have been investigated in the
past. One of the most promising techniques widely investigated, is the use of steel
ﬁbres in reinforced or prestressed concrete (RC/PC). Fibres can be easily added to the
concrete during the mixing process and provide signiﬁcant increase of toughness and
ductility after cracking, making them feasible to contribute to the shear capacity of
concrete members.
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Although the use of ﬁbres as shear reinforcement has been proven feasible under
laboratory conditions (see literature study conducted in Soetens 2015), real life
structural applications are rather limited, due to lack of experience in the engineering
community with respect to these design guidelines, as well as limited insight in their
accuracy. To tackle this hurdle in the practical application of SFRC for shear, a number
of design models is compared in the following with respect to a shear test database set.
Furthermore, the authors propose a closed form version of the modiﬁed compression
ﬁeld theory (MCFT) approach presented in ﬁb Model Code 2010. Assuming an
increased level of approximation, a straightforward engineering model is obtained
based on the MCFT approach, which yields fairly accurate predictions, at least against
the dataset used by the authors. This model is due for further veriﬁcation by the
research community. At the same time, an attempt has been made to deﬁne appropriate
safety factors for design, when using this proposed engineering model (as well as some
other models).
2 Model Veriﬁcation Against Shear Test Dataset
Four existing shear strength models were selected (RILEM 2003, ﬁb 2013, Spinella
et al. 2010): (1) the RILEM TC 162 model [denoted RILEM], (2) the ﬁb MC2010
adapted shear model for reinforced concrete without stirrups [denoted [MC2010-A],
(3) the ﬁb MC2010 iterative model based on the MCFT [denoted MC2010-B], and
(4) the iterative model based on plasticity theory [denoted Pl.Th.]. The models have
been selected on the basis of 2 criteria: (1) to be able to consistently consider the
beneﬁcial effect of a prestress force, and (2) being able to account for the ﬁbre rein-
forcement by means of the residual flexural parameters fR,i determined by means of a
standardized test method (EN14651), rather than ﬁbre volume fraction and a ﬁbre
effectiveness, which the authors believe not to be applicable for general design
purposes.
To verify the accuracy of the models, a shear test database has been collected
containing 99 SFRC elements (69 reinforced concrete and 30 prestressed concrete),
including an experimental campaign conducted at the Magnel Laboratory on full scale
(20 m span) prestressed precast girders in SFRC (Soetens and Matthys 2014). Details
on the dataset are provided in Soetens (2015). The selection criteria for the imple-
mentation of shear test results into the database has been the availability of measured
residual tensile stresses of SFRC, the failure aspect characterized by clear shear failure,
and complete replacement of stirrups by SFRC. It was observed that despite the large
number of conducted shear tests reported in the past, few research reports are available
in which the residual flexural strength parameters of the adopted SFRC mix is obtained
by means of standard bending tests, and in some cases SFRC material properties are
simply not reported at all. The lack of sufﬁcient information can be attributed to the
historical use of the concept of the ﬁbre effectiveness factor (e.g. Aoude et al. 2012)
which cannot represent the real composite post-cracking behaviour for a wide range of
combinations of ﬁbre type, dosage and concrete strengths.
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Figure 1 shows a comparison of the selected models against the shear test dataset.
In general, the four models give consistent predictions. It is however observed that the
empirically based equations (RILEM and MC2010-A) show to a limited extent more
scatter (see also Fig. 4) and give rather conservative predictions in the case of pre-
stressed elements (yellow dots in Fig. 1), compared to the more rational approaches
based on the MCFT (MC2010-B) and the plasticity theory.
3 Proposed Engineering Model
Although the strength model based on the MCFT (MC2010-B) approach provides a
more rational approach to the problem of shear, its iterative calculation scheme is
difﬁcult to be implemented in the daily practice of design engineers. Soetens conducted
a thorough analysis of the most important shear influencing parameters and derived a
closed form engineering model, starting from a general form of the model as proposed
by MC2010 based on the MCFT. Soetens (2015) gives details on the derivation. The
Fig. 1. Comparison between experimental (Vexp) and calculated shear capacity (Vcal) of
reinforced (grey dots) and prestressed (yellow dots) SFRC beams.
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proposed shear strength equation is deﬁned as the contribution of the concrete plus the
contribution of the ﬁbre reinforcement:
Vproposed ¼ A
ﬃﬃﬃﬃﬃﬃ
fcm
p
þBfFtum
 
bwz
where, fcm is the concrete compressive strength, fFtum is the average ultimate
post-cracking tensile strength of SFRC, characterized by the post-cracking tensile
strength fR,3m at a crack mouth opening displacement of 2.5 mm (whereby fFtum =
fR,3m/3), bw is the width of the beam web, z is the internal lever arm between of the
beam compression and tensile zone, and A and B are functions dependent on param-
eters deterministic for the concrete and ﬁbre contribution, respectively. The resulting
complete equation is given as follows:
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whereby the following parameters are considered: the shear span (a) to effective depth
(d) ratio, a size effect factor 1þ ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ200=dp
 
as included in Eurocode 2, dowel action
through the longitudinal reinforcement ratio (ql), the effect of the prestressing (kP =
cp/fck) considered by the compressive stress (rcp) due to prestressing relative to the
characteristic value of the compressive strength (fck), and the contribution of the ﬁbres
which is related to the inclination of the shear crack (as such influenced by the pre-
stressing) and the average ultimate post-cracking tensile strength fFtum. For the latter it
should be recognized that given the biaxial stress state, the strength fFtum might not be
fully developed (especially for high forces acting in the compression strut) and hence,
the value of fFtum shall be limited to:
Fig. 2. Relationship between factor kv and f(a, d, ql, rcp).
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fFtu ¼ min fFtum; fctm 1 2kPð Þð Þ
The concrete contribution to the shear capacity is related to a strain effect factor kv,
as determined by the MCFT approach. As shown in Fig. 2, this factor was found to
correlate strongly with:
f(a,d,ql; kPÞ ¼
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so that kv can be taken equal to 0.388.
The proposed model is compared to the test dataset in Figs. 3 and 4, in terms of
experimental versus calculated shear capacity (Fig. 3) and the relative frequencies for
the shear capacity models with corresponding lognormal distribution function (Fig. 4).
Fig. 3. Proposed engineering model performance with respect to test dataset.
Fig. 4. Comparison between models in reference to the test dataset.
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The simpliﬁed engineering model obtains quite similar accuracy as the MC2010-B
model (see Fig. 3 in comparison to Fig. 1, and Fig. 4) from which it has been derived.
4 Safety Level for Design
By means of a shear resistance model (Vcalc), the shear strength of FRC beams can be
predicted. However, due the observed model uncertainties and additional scatter of
material parameters, a proper margin of safety has to be taken into account in order to
sufﬁciently reduce the risk of failure. Hence, in order to guarantee that a target relia-
bility index b as deﬁned in Eurocode 0 is met.
As a ﬁrst step the model uncertainty as visualised in Figs. 1 and 3 has been quan-
tiﬁed, by considering Vexp = bdVcalc. The parameter b expresses the average relative
error with respect to the dataset (derived by applying a “least square” best-ﬁt), while d is
a model error term which will differ for each point (Vexp,i, Vcal,i) and can be assumed
lognormal distributed (Fig. 4). Table 1 gives, for the considered models, the values of b
and between brackets the coefﬁcient of variation of d (CoVd). These numbers conﬁrm
the good accuracy of the proposed engineering model compared to the other models.
The CoVd can be further evaluated as a function of main material parameters fcm and
fFtum, showing that for the considered test dataset, the accuracy of shear strength prediction
increases for higher compressive strength and post-cracking tensile strength values.
In a second step, based on the obtained values of b and CoVd, design values can be
obtained for the considered shear resistance models. This can be done by following the
approach for calibration of design values given in Eurocode 0, starting from a known
resistance model (VRm = bdVcalc) and a pre-deﬁned target reliability index b, to obtain
the design value of the shear resistance VRd = VRk/cM. In the latter the characteristic
values of the material parameters are considered and a safety factor cM. Details of the
followed procedure are provided in Soetens (2015). Since two of the considered
resistance models involve an iterative calculation procedure and to allow for the
treatment of fcm and fFtum as stochastic parameters, the evaluation of the safety factors
has been systematically done by performing Monte Carlo sampling. The results con-
ﬁrmed the overall prediction consistency of the proposed engineering model and
MC2010-B model to be in general better than for the other models considered in this
study. The safety factor estimated for these two resistance models, to fulﬁl a target
reliability index b = 3.8 (design life span of 50 years and reliability class RC2), is
given in Table 2.
Table 1. Relative error b and model uncertainty (CoVd)
Subset RILEM MC2010-A MC2010-B Pl.Th. Proposed
All 1.213 (0.448) 1.234 (0.406) 1.002 (0.372) 0.864 (0.284) 1.079 (0.333)
RC beams 1.027 (0.424) 0.984 (0.313) 0.864 (0.330) 0.891 (0.312) 1.023 (0.359)
PC beams 1.639 (0.198) 1.810 (0.213) 1.320 (0.223) 0.803 (0.202) 1.207 (0.200)
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It can be noted that signiﬁcantly different safety factors are found for RC and PC
concrete. This is attributed to the fact that the beneﬁcial effect of prestressing reduces
the large scatter typically observed in predicting the shear capacity of unreinforced
concrete. From Table 2 it can also be observed that applying a typical safety factor of
1,5 on the characteristic values of the concrete strength parameters might be unsafe for
RC and yet too conservative for PC, when predicting the shear capacity of SFRC
beams without traditional stirrups.
5 Conclusion
Based on the analysis of a shear test dataset, it can be concluded that the empirical
based formulations (RILEM, MC2010-A) have a higher model uncertainty than the
more rational models (MC2010-B and plasticity theory).
A new engineering model is proposed in order to obtain straightforward and
accurate shear strength predictions of SFRC beams without traditional stirrups.
Thereby, attention is paid towards physical phenomena affecting the shear strength
such as concrete strength, dowel action, shear span to depth ratio, size effect, level of
prestress and SFRC post-cracking tensile strength. The model is a derivation from the
more complex MCFT iterative procedure described in the Model Code 2010
(MC2010-B model). By comparing the experimental with the predicted shear test
results, the proposed engineering model has been found to be feasible for both pre-
stressed and reinforced concrete cases. Together with the model MC2010-B, it gives
the most consistent and accurate predictive capacity for the complete range of
variables.
Further to the evaluation of the resistance models, their representation as design
models aiming for a target reliability index b = 3.8 has been evaluated. It has been
found that for the RILEM, MC2010-A and plasticity theory models, the currently
speciﬁed safety factor equal to 1.5 is insufﬁcient to provide a safe design. This value
should be between 2 and 3, depending on the considered model. For the MC2010-B
model and the proposed engineering model, the model safety factor is in the range of
1.2–2.5. Yet, it is proposed to consider different safety factors for RC versus PC beams,
as for the latter case much less scatter is observed than is typically the case for RC
members without stirrups.
Finally, it should be remarked that the obtained results are to some extent related to
the used shear test dataset, and the results might be considered for further veriﬁcation
and improvement.
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Table 2. Safety factor cM
VRd of SFRC for MC2010-B iterative model Proposed engineering model
RC 1.94 2.58
PC 1.13 1.22
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